I
t is widely known that neurogenesis, brain function and cognition decline with aging. Increasing evidence suggests that cerebrovascular dysfunction is a major cause of cognitive impairment in the elderly but is also involved in agerelated neurodegenerative diseases. Finding ways and molecules that reverse this process and ameliorate age-and diseaserelated cognitive impairment by targeting vascular and neurogenic deterioration would be of great therapeutic value. In Katsimpardi et al. we reported that young blood has a dual beneficial effect in the aged brain by restoring age-related decline in neurogenesis as well as inducing a striking remodeling of the aged vasculature and restoring blood flow to youthful levels. Additionally, we identified a youthful systemic factor, GDF11 that recapitulates these beneficial effects of young blood. We believe that the identification of young systemic factors that can rejuvenate the aged brain opens new roads to therapeutic intervention for neurodegenerative diseases by targeting both neural stem cells and neurogenesis as well as at the vasculature.
Neurogenesis in the adult brain occurs primarily in 2 areas: the dentate gyrus of the hippocampus and the subventricular zone (SVZ) of the lateral ventricles.
1,2 The capacity of these areas to give rise to new neurons throughout life depends on the existence of neural stem cells (NSCs) and their progenitors. In the SVZ, NSCs are part of a specialized niche that creates a special microenvironment, providing the necessary regulatory cues for proliferation and differentiation. [3] [4] [5] [6] NSCs are in immediate contact with the cerebrospinal fluid and blood vessels, which are responsible for delivering external regulatory signals. 7, 8 Because of the intimate link between NSCs and blood vessels the niche is also called the neurovascular niche. The prevalence of NSCs and their capacity to produce new neurons greatly declines with aging, as NSCs become more quiescent, 9 possibly because the volume of the vascular niche is decreased. 10 This change in NSC behavior is associated with reduced neuroplasticity and cognitive functioning. [11] [12] [13] At the same time, aging results in rarefaction of the microvasculature in some regions of the brain as well as morphological and physiological changes leading to decreased cerebral blood flow (CBF), which consequently leads to seizures, stroke, decreased neurogenesis and cognitive decline. 14, 15 This shows that the role of blood vessels is crucial at multiple levels and in may regions of the brain, on one hand by providing support and regulatory cues to stem cells and on the other hand because it is involved in several pathologies related to aging. Reversing the age-related alterations in the morphology and function of blood vessels could then be a way to ameliorate both neurogenesis defects as well as pathological conditions related to deteriorated vasculature and blood flow.
Restoration of neurogenesis and neurodegenerative diseases
Young blood contains factors that are able to rejuvenate aged tissues, including muscle, liver, heart and the nervous system, 13, [16] [17] [18] albeit via different mechanisms of action in each tissue. In Katsimpardi et al. we hypothesized that the age-related decline in neurogenesis and vascular functioning can also be reversed by young systemic factors. 19 To
Keywords: Alzheimer's disease, blood vessels, neural stem cells, neurogenesis, neurodegenerative diseases, rejuvenation test this hypothesis we used the model of heterochronic parabiosis where 2 animals of different age are surgically attached to achieve common blood circulation (Fig. 1) . This system is very useful when examining the effects of systemic factors from one animal to another because it does not require continuous transfusions of blood. More importantly, parabiosis is a powerful tool in understanding the mechanisms of aging and rejuvenation since it provides a biological model where the effects of aging and rejuvenation can be studied in real time, as the heterochronic "rejuvenated" mouse is genetically identical to the old mouse, but the signaling pathways are altered to permit rejuvenation. This suggests that triggering pathways that are active in the young, but not in the old mouse, can lead to restoration of age-related phenotypes.
Initially we observed that exposure of the aged SVZ neurovascular niche to young blood resulted in an increase of neural stem cell and progenitor cells, marked by Sox2 and Olig2 markers, as well as an expansion of the SVZ itself, seen as an increase in Ki67 C proliferating cells. This observation was further demonstrated in in vitro cultures of neurospheres, derived from the rejuvenated old mouse, which were also more proliferative. This suggests that NSCs, which are heterogeneous in their differentiation potential [20] [21] [22] and are subject to environmental cues in order to acquire their fate 23, 24 can be manipulated by systemic factors in order to be activated. This is critical in the context of aging where NSCs have reduced self-renewal and differentiation potential, but also in the case of injury where activation of NSCs can be key for repair. Furthermore, we observed that the increase in neural stem/progenitor cell population in the aged niche after heterochronic parabiosis was accompanied by an increase in new neurons populating the olfactory bulb in the aged brain. This increase in new olfactory bulb neurons also resulted in a functional improvement since heterochronic old mice exhibited amelioration in olfactory discrimination. These results are in accordance with relevant studies showing that young blood has the capacity to improve synaptic plasticity in the hippocampus of the aged brain and to reverse the age-related impairment in cognitive functions. 25 The possibility of regulating the proliferation and increasing neurogenesis could be very beneficial in the context of agerelated neurodegenerative diseases. Neurogenesis is impaired in diseases like human immunodeficiency virus (HIV)-associated cognitive disorders, 26 Parkinson 27 and Huntington's 28 disease as well as epilepsy. 29 In the case of Alzheimer's disease (AD), where the plaques and neurofibrillary tangles exist in both SVZ and hippocampus neurogenic areas, compromised neurogenesis is associated with impairments in learning and memory. 30 However, an enriched environment and exercise can positively regulate neurogenesis in some AD models 31, 32 showing the importance of systemic influence. Moreover, the restoration of neurogenesis in AD mice by exposure to a neurogenic factor results in a restoration of cognitive functions in AD mice, 33 suggesting that it is possible to treat the symptoms, if not the pathology, of the disease by restoring the age-or disease-related decline in neurogenesis. This suggests that restoring neurogenesis with young systemic factors could be used as a therapeutic tool in AD or other models of neurodegenerative diseases.
Vascular remodeling as a therapeutic tool for neurodegeneration
In the normal brain, neural stem cells and blood vessels are closely associated in the SVZ [4] [5] [6] and in the hippocampus. 34 In the SVZ, NSCs interact with endothelial cells by extending end-feet to the blood vessels, which regulate NSC self-renewal, proliferation and differentiation by secreting soluble factors. [35] [36] [37] [38] However, aging does not only affect NSCs but also greatly impacts blood vessels and CBF. A substantial rarefaction of the arterioles, 15 with a decrease in smooth muscle and elastin and an increase in collagen and basement membrane 39 has been described. In addition to that, there are changes in capillary endothelial cells, pericytes as well as the astrocytic endfeet.
14 These age-related changes in blood vessels result in decreased CBF and reduced delivery of oxygen and nutrients in the brain parenchyma, which affects not only NSC behavior and neurogenesis as explained above, but also the blood-brain barrier thus impairing proper neuronal function and activity in the whole brain.
Because of the close association between NSCs, neurons and blood vessels, we hypothesized that the aged vasculature might also be affected by young factors. In vitro exposure of endothelial cells to young serum showed an increase in proliferation, whereas old serum induced a decrease. This shows that factors in the young blood act on endothelial cells to promote proliferation and expansion of the blood vessels. However, this does not exclude the possibility that these or other factors may also act on other types of cells. When we analyzed the blood vessels in brains of heterochronic old mice, we found that blood vessel volume in the aged SVZ was increased after exposure of the area to young blood. After testing other areas of the aged brain we found that vascular remodeling also occurred in the hippocampus and cortex. This prompted us to test if not only the morphology but also the functionality of the vasculature was restored after parabiosis. Using magnetic resonance imaging (MRI) in both the whole brain and in the SVZ we found that CBF was increased reaching young levels after exposure of an old brain to young blood. These findings showed for the first time that exposure of the aged brain to young blood results in a brain-wide vascular remodeling followed by restoration of the blood flow to the youthful levels. We believe that this finding can have an important impact in the case of neurodegenerative diseases since increasing evidence from experimental studies suggests that cerebrovascular dysfunction is a major cause of cognitive impairment in agerelated and neurodegenerative diseases such as AD. [40] [41] [42] Although AD is usually linked with neuronal degeneration, the role of the vascular pathology is also very important, as the pathological phenotype of amyloid plaques and neurofibrillary tangles correlates with vascular deterioration. [42] [43] [44] It is interesting to note that the vascular phenotype of AD includes reduction of CBF, [45] [46] [47] together with a breakdown of the blood brain barrier, [48] [49] [50] loss of tight and adherens junctions 51 and alterations in cerebral capillaries.
14 Since young blood can restore the age-related deterioration of the vasculature as well as the CBF back to young levels, we believe that this could potentially have a beneficial effect in the context of AD or other neurodegenerative diseases.
GDF11 as a possible therapeutic agent GDF11, a member of the transforming growth factor-b (TGF-b) superfamily of secreted signaling molecules, is a youthful factor that is highly expressed in the young blood but not in the old.
18 GDF11 was shown to be able to reverse age-related cardiac hypertrophy 18 restore genomic integrity in aged muscle satellite cells and improve physical fitness in aged mice. 52 In our studies, GDF11 was also systemically injected in aged mice and the brains were analyzed for its possible effect on NSCs and blood vessels. To our surprise we found that GDF11 was able to increase the numbers of NSCs in the aged SVZ compared to untreated aged SVZ thereby recapitulating the effect of young blood, although to a lesser extent since the increase was half of that was observed with parabiosis. When we looked at the effect on blood vessels we also found an induction of vascular remodeling in the treated aged mice. We also found that in vitro GDF11 treatment of endothelial cells induced an increase in proliferation via the SMAD2/3 pathway suggesting that it acts directly on endothelial cells.
The fact that a single factor can restore age-relate defects in both neurogenesis and vasculature is very encouraging. Moreover, it was recently found that ALK5-dependent TGF-b signaling via Smad2/3 is involved in hippocampal neurogenesis, 53 which correlates with our observation that GDF11 acts through the same pathway in the SVZ, suggesting an important role for the TGF-b singaling pathways in both neurogenesis and vascular remodeling in the adult and aged brain.
Additional experiments are needed to understand the mechanism of action of GDF11, but finding a molecule that can target vascular deterioration and restore age-related decline in neurogenesis and potentially ameliorate cognitive impairment can be of great therapeutic value.
Conclusion
In this work we provide evidence of a dual effect of young blood and GDF11 on neurogenesis and vascular remodeling in the aged brain. However, it still remains unknown if the 2 effects are related. We could imagine both scenarios to be true. On one hand, we know that the bloodbrain barrier of the SVZ is slightly looser than other areas 6,54 so we could imagine youthful systemic factors, like GDF11, affecting NSC directly. On the other hand, it is known that neurogenesis is affected by changes in the levels of nitric oxide and oxygen following changes in local blood flow 55, 56 and that the vasculature regulates NSC behavior by locally secreting factors 4,37 so there is a possibility that the effect of young blood and GDF11 is primarily on the vasculature.
Although both cases could be made, we believe that young blood and GDF11 act primarily on the vasculature and that the positive regulation of NSC and neurogenesis is an indirect effect (Fig. 2) . The restoration of the aged vasculature could activate a youthful cellular mechanism, like the secretion of local factors that are usually secreted in the young brain to regulate neurogenesis. The restoration of CBF, which brings more oxygen and nutrients, could lead to a restored microenvironment, which is crucial for proper NSC proliferation and differentiation cues, and a more youthful neurogenic niche. However additional experiments need to be performed to prove this hypothesis.
In any case, the fact that young systemic factors can restore neurogenesis, cerebrovascular dysfunction and cerebral blood flow in a brain-wide manner is a novel finding that stresses the important role of the vasculature in the brain. Since the etiology of neurodegenerative diseases like AD shows an increasingly prominent role for cerebral blood flow and vascular abnormalities as major disease factors, we believe that our findings could open new possibilities for treatment, especially by using a single youthful factor like GDF11.
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